We report results from ab-initio, self-consistent density functional theory (DFT) calculations of electronic, transport, and related properties of chromium disilicide (CrSi 2 ) in the hexagonal C40 crystal structure. Our computations utilized the Ceperley and Alder local density approximation (LDA) potential and the linear combination of atomic orbitals (LCAO) formalism. As required by the second DFT theorem, our calculations minimized the occupied energies, far beyond the minimization obtained with self-consistency iterations with a single basis set. Our calculated, indirect band gap is 0.313 eV, at room temperature (using experimental lattice constants of a = 4.4276 Ǻ and c = 6.368 Ǻ). We discuss the energy bands, total and partial densities of states, and electron and hole effective masses.
units per hexagonal unit cell [9] . It belongs to a group of semiconducting metal-silicides which have gained enormous attention in recent years, due to its properties and several areas of important applications. It has been the most studied representative of the metal-silicides since its initial characterization as a 0.35-eV bandgap semiconductor in the mid-1960's [10] . Due to the semiconducting nature and thermal stability of CrSi 2 , it has special applications in optoelectronic devices, infrared detectors within silicon-based microelectronics components [3] [9] [11] [12] . CrSi 2 , as a high-temperature compound, has been epitaxially grown on Si (111) substrate [1] [4] [13] . The preceding property of CrSi 2 makes it a potential material in the production of thermoelectric generators as well as for photovoltaic applications, in the middle of the infrared region [14] . As a narrow band gap semiconductor, CrSi 2 is a very good candidate in micro-and nano-electronics, respectively, and for photo-thermo converters and sensors [4] [15] . CrSi 2 belongs to a group of refractory silicides with a melting point at 1763 K, which makes it a potential candidate for high-temperature applications. CrSi 2 films are widely used in the area of new semiconductor device manufacturing due to their excellent electronic properties, high thermal stability, smooth surface and remarkable compatibility with the traditional silicon technique [12] . Krivosheeva et al. [16] reported that one of the most interesting and well investigated compounds is chromium disilicide which has the smallest lattice mismatch, as compared to other transition metal silicides [17] [18] , with mono-crystalline silicon. CrSi 2 has a high electrical conductivity and a strong oxidation resistance which make it more attractive in microelectronics [12] .
CrSi 2 is a potential candidate for optoelectronic devices, photo-voltaic cells, and thermoelectric conversion elements operating at elevated temperatures [1] [17] [19] [20] [21] [22] .
Some experimental data have been reported for hexagonal CrSi 2 . However, a consensus has not been reached, as far as its band gap is concerned; one reason for this situation stems from the lack of measured band gap values for bulk Ref. [15] , [b] Ref. [28] , [c] Ref. [25] [26], [d] Ref. [27] , [e] Ref. [30] , [f] Ref. [31] , [g] Ref. [9] , [h] Ref. [28] , [i] Ref. [23] [32], [j] Ref. [29] , [k] Ref. [10] , [l] Ref. [24] .
Several theoretical calculations have been reported for the electronic structure of CrSi 2 . While some of the calculations [31] have argued that CrSi 2 is semi-metallic in nature, others have predicted semiconductor properties for this material.
Dasgupta et al. [4] obtained an indirect band gap of 0.35 eV, using the augmented spherical wave (ASW) method [33] [34] and the generalized gradient approximation (GGA) potential parameterized by Perdew et al. [35] . However, another calculation [20] performed with a similar method led to indirect and direct band gaps of 0.21 eV and 0.39 eV, respectively. Bellani et al. [28] reported a theoretical indirect band gap value of 0.38 eV using the linear-muffin-tin-orbital (LMTO) method, within the local density approximation (LDA). Two (2) calculations [19] [36] using the same method, within the local density approximation (LDA), obtained indirect band gaps of 0.29 eV and 0.25 eV, respectively. Another calculation [37] , utilizing the LMTO method within the atomic spheres approximation (ASW), obtained a gap of 0.38 eV. L. F. Mattheiss [11] [38] reported an indirect band gap of 0.30 eV for bulk CrSi 2 , using the linear augmented plane wave method (LAPW) and a local density approximation (LDA) potential. Mattheiss [39] used a scalar-relativistic version of the linear augmented-plane-wave (LAPW) method and obtained an indirect band gap of 0.30 eV. In another DFT calculation [16] , with the full-potential linearized-augmentedplane-wave (FP-LAPW) led to an indirect band gap of 0.30 eV. A DFT approach, similar to the preceding, was applied in another calculation to obtain a band gap of 0.30 eV [10] . Zhou ShiYun et al. [12] obtained a gap of 0.353 eV in their study of optical properties of CrSi 2 ; they employed the plane-wave pseudo-potential method. Finally, recent DFT calculations performed in 2013 by Bhamu et al. [40] produced an indirect band gap of 0.28 eV for CrSi 2 . The above calculation methods, potentials, and results are listed in Table 2 .
Many of the results obtained from both experimental and theoretical calculations of CrSi 2 have been extensively reviewed in the preceding section. It is clear, however, from the contents of Table 1 and Table 2 that these results do not totally agree. While the disagreement can be seen among theoretical results, on the one hand, and between experimental results, on the other hand, there exists also a disagreement between experimental and theoretical results. This disagreement between theoretical results can be partly attributed to differences in computational methods. These disagreements strongly suggest that the correct band gap of bulk CrSi 2 is yet to be established unambiguously. This situation is a key motivation for our work. Also, the many current and potential applications of CrSi 2 , as discussed at the beginning of this section, also motivated this work. These two motivations are supported by the fact that our method, to be discussed below, has led to the correct band gaps of well over 30 semiconductors. This method correctly predicted the band gap and related properties for more than three (3) semiconductors. Our aim, therefore, is to obtain accurately, through our BZW-EF, ab-initio self-consistent calculations, the true band gap as well as other electronic, transport and related properties of CrSi 2 . Our BZW-EF ab-initio, self-consistent method has been successfully applied in several calculations DOI: 10.4236/jmp.2018.914158 Ref. [20] , [b] Ref. [19] , [c] Ref. [40] , [d] Ref. [36] , [e] Ref. [11] [38], [f] Ref. [39] , [g] Ref. [12] , [h] Ref. [37] , [i] Ref. [28] , [j] Ref. [28] , [k] Ref. [10] , [l] Ref. [16] , [m] Ref. [4] .
[41]- [52] in the past and has proven to produce accurate properties of semiconductors. Therefore, this work is expected to follow in the same light.
Our Distinctive Method and Computational Details
Our computational method has been extensively discussed in previous publications [41] - [49] , [53] [54] [55] . Two components of this method are commonly utilized in most calculations, i.e., the choice of a density functional potential (LDA or GGA) and the linear combination of atomic orbitals (LCAO). Our software package actually employs the linear combination of Gaussian orbitals (LCGO). We selected the LDA potential of Ceperley and Alder, as parameterized by Vosko et al. [56] [57].
The distinctive feature of our method consists of our utilization of successive, as the one providing the DFT description of the material; the basis set of this calculation is referred to as the optimal basis set [49] . As shown in the Section on results, this calculation was Calculation IV that produced the same occupied energies as V and VI. The selection of the optimal basis set in the BZW-EF method is based on the crucial fact that the charge density from this calculation is the same one obtained in the calculations following it. Hence, the Hamiltonian for this calculation, in light of the first theorem of DFT, is the same as those calculations following it, even though the Hamiltonian matrices will be different,
given their different dimensions. Bagayoko [53] explained the reason the calculation with the optimal basis set is the one providing the DFT description of the material. Self-consistent iterations, up to the calculation producing the optimal basis set, yield eigenvalues that are due to interactions in the Hamiltonian. Calculations with basis sets larger than the optimal one and that contain the optimal one do not change the Hamiltonians or the occupied energies from their respective values obtained with the optimal basis set. However, these calculations can produce unoccupied energies that are lower than their corresponding values obtained with the optimal basis set. Given that the Hamiltonians of these calculations are the same as that obtained with the optimal basis set, the unoccupied energies lowered below their values obtained with the optimal basis no longer belong to the spectrum of the Hamiltonian, a unique functional of the charge density [53] .
Computational details for this work follow. Chromium disilicide (CrSi 2 ) has a hexagonal C40 structure. It is in the space group of P6 2 22 ( )
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Its primitive cell contains a total of three ( erated from the primitive vectors: t 1 , t 2 and t 3 , each described in Equation (1) as
where a and c are the lattice constants. The internal atom position coordinates (ξ, ζ, η) for the primitive unit cell of CrSi 2 are in the units of the primitive vectors in Equation (1). These position coordinates of Cr and Si, within the hexagonal C40 primitive unit cell of CrSi 2 , are given in Table 3 , where x is the Si-atom position parameter. The position parameter of the Si-atom does not have an exact
value. However, a value of 1 6 x = [64] , corresponding to an ideal geometry [11] , is normally used. In the ideal geometry, each Cr and Si atom has six nearest neighbors (d = 2.55 Å) [11] , within each hexagonal CrSi 2 layer.
The standard hexagonal Brillouin zone for CrSi 2 , as shown in Figure 1 (a), was generated from the reciprocal-lattice vectors that correspond to Equation (1).
These reciprocal-lattice vectors are described by Equation (2) as given below. x −x 1 6 − −x
where a and c are the lattice constants.
Our non-relativistic, self-consistent calculations were performed using room temperature (293K) experimental lattice constants [4] , while the minimum exponent is 0.4045.
Our computations utilized a mesh of 24 k-points in the irreducible Brillouin zone. However, in the band structure calculation, we utilized a total of 141 weighted k-points while a total of 144 weighted k-points was used in generating the energy eigenvalues for the electronic density of states. Self-consistency was reached after 60 iterations; then, the difference in potentials from any two consecutive calculation was equal to (or less than) 10
In the next section, we present results from our calculation of the band structure, density of states (DOS) and partial density of states (pDOS), and hole effective masses, respectively, using the LDA BZW-EF method.
Results
We list below, in Table 4 , the valence orbitals in the successive calculations described above, along with the resulting band gaps. The orbitals in bold are the Table 4 . Successive, self-consistent calculations for CrSi 2 , along with the valence orbitals and the resulting, indirect band gaps. The utilized room temperature lattice constants are a = 4.4284 Å and c = 6.36805 Å. Calculation IV, whose number is in bold in the first column, provided the DFT description of the material, with the corresponding, calculated, indirect band gap of 0.313 eV. ones representing excited states. Calculation IV was the first one to produce the minima of the occupied energies; the same occupied energies were obtained with Calculations V and VI, signifying that these minima are the absolute ones and represent the ground state, as opposed to being local minima. Figure 2 shows the electronic energy bands for chromium disilicide, along with the bands from Calculations IV and V. As explained above, the two calculations result in the same occupied energies. Table 5 . 
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The total density (DOS) and partial densities (pDOS) of states, shown in Figure 4 and Figure 5 , respectively, provide further insight on the electronic structure. We employed the linear tetrahedron method [66] for the calculations of these densities of states, using the energy bands obtained with the optimal basis set, as shown in Figure 2 . mined from an analysis of transport data [25] . Clearly, more experimental measurements of effective masses in CrSi 2 are needed.
Discussion
There is a clear need for additional experimental studies of bulk CrSi 2 . Indeed, as per the content of niques. In light of issues of quality of these films and in particular, the wellknown quantum confinement effect, which tends to enlarge the gaps of films as compared to bulk materials, there is not much merit in comparing the calculated values for the bulk to these film gaps. The theoretical band gaps in Table 2 are generally around 3.0 or 3.5 eV, except for the lower value of 0.21 eV and the negative one of −0.35 eV. Even though most of these theoretical results are not too far from the experimental one of 3.2 eV, the fact remains that our finding of 0.313 eV is the closest to this experimental finding. This agreement is partly explained in the Section on our method. Indeed, the BZW-EF method strictly adheres to the conditions of validity of a DFT calculation, i.e., keeping the total number of particles constant and, verifiably, attaining the absolute minima of the occupied energies (the ground state) [53] . The latter condition is imposed by the second DFT theorem. As already noted, this condition is generally far from being met by results from self-consistent iterations with a single basis. A single basis set leads to a stationary solution among an infinite number of them. The relatively better agreement between our calculated band gap and the only experimental one for the bulk stems from the fact that our results possess the full physical content of DFT.
Conclusion
We have reported results for the ground state electronic structure and related properties of CrSi 2 , using the BZW-EF method. Our LDA BZW-EF calculated
